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Abstract
Understanding and quantifying a large carnivores’ feeding behaviour is a key com-
ponent in determining its functional significance in an ecosystem, both in terms of
its top-down influence on prey species, but also its relationships with sympatric
carnivores. Dietary overlap is one of the numerous niche dimensions used to char-
acterize resource partitioning and potential competition within a community. We
characterize the diet, potential dietary niche overlap and prey preference of a large
African carnivore guild on small fenced protected areas. To quantify the potential
inter- and intraspecific foraging competition, we analysed 5,128 kills, representing
35 prey species made by African wild dogs Lycaon pictus (n = 553), cheetahs Aci-
nonyx jubatus (1,427), lions Panthera leo (2,648) and leopards P. pardus (500).
Our results show that large African carnivores in small protected areas are exposed
to considerable overlap in dietary resource utilization. At the interspecific level,
African wild dogs and cheetahs displayed the greatest vulnerability to potential
dietary competition. Lions exhibited marked differences in prey preference, mass
and species utilization compared to the other carnivores. African wild dogs and
cheetah females with dependent offspring occupied the greatest potential for dietary
competition within the large carnivore guild. Using a case study based on the pre-
ferred biomass of prey available, we estimate the sustainable density of large carni-
vores at a small fenced prospective African wild dog reintroduction site. African
wild dogs displayed the lowest mean predicted density compared to all sympatric
predators with an expected population size of 7 individuals. Our research highlights
the need to assess the influence of competitive forces in structuring and restoring
large predators to portions of their historical range by identifying species most vul-
nerable to a potential reintroduction attempt. In the absence of controlled experi-
ments, elucidating the influences of exploitation competition is challenging, and
only through manipulating sympatric species presence and densities can these com-
plex interactions be fully understood.
Introduction
Competition and the underlying mechanisms that facilitate
coexistence have long been regarded as key foundations in
community and evolutionary ecology (Schoener, 1983). As
most landscapes generally support multiple carnivore species,
competitive interactions within species (intraspecific) and
between species (interspecific) are widespread and can influ-
ence ecosystem structures and functioning (Caro & Stoner,
2003). Competitive interactions can take the form of direct
antagonistic encounters (interference competition) or indirectly
through the exclusion from a contested resource (exploitation
competition) (Schoener, 1983). These competitive dynamics
often affect the intensity of top-down forces by influencing
predator densities, demographics and their distributions (Polis
et al., 1989; Creel & Creel, 1996). As sympatric large preda-
tors do not uniformly select for resources (Hayward & Kerley,
2008), coexistence is expected to arise from shifts in niche
dimensions, such as spatiotemporal and forage partitioning
(Balme et al., 2017; du Preez et al., 2017). Large carnivore
populations are generally regulated by the abundance and
availability of their primary food items (Karanth et al., 2004;
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Hayward & Kerley, 2008). Therefore, prey is conceivably the
most notable resource that can be partitioned for co-occurring
carnivore species (Schoener, 1983; Hayward & Kerley, 2008).
Large carnivores are often the first species to be extirpated
from an area because of their ecological demands, particularly
in a fragmented landscape. Despite the large spatial require-
ments and human discordance, large predators have become
frequent reintroduction subjects across Southern Africa, more
particularly into small (<400 km2) fenced protected areas (Hay-
ward & Somers, 2009). Reintroduced large carnivore commu-
nities on these small protected areas are often subject to spatial
constraints, often smaller than their home range sizes observed
in larger intact systems (e.g. Mills & Gorman, 1997; Jenkins
et al., 2015 but see Hayward et al., 2009). This is potentially
further exacerbated, as reintroduced large predators frequently
breed, increasing their population size and rapidly exceeding
their site-specific sustainable densities (Miller & Funston,
2014). The density of competitively superior carnivores, such
as lion Panthera leo, may be artificially high on these small
protected areas (Creel et al., 2013), potentially altering the
behaviour of competitively subordinate meso-predators (Bissett
et al., 2015). The top-down influences of these management
induced multi-predator systems may, therefore, be acutely pro-
found. Considering that the relationships between large carni-
vores can potentially mediate trophic cascades through indirect
or direct coerces (Winnie & Creel, 2017; Beschta, Painter &
Ripple, 2018), the influence of potential competition is
required to be integrated with reintroduction planning efforts
(Lindsey et al., 2011).
The endangered African wild dog Lycaon pictus (hereafter
wild dog) has experienced significant population and range
contractions due to anthropogenically induced habitat fragmen-
tation (Woodroffe & Sillero-Zubiri, 2012). As a conservation
mitigation measure and to expand their range, wild dogs have
been reintroduced into several small protected areas in South
Africa (Davies-Mostert, Mills & Macdonald, 2015). The com-
paratively smaller size of wild dogs (20–25 kg) amongst the
African large carnivore guild makes them particularly vulnera-
ble to competition (Palomares & Caro, 1999). Wild dogs,
therefore, employ mechanisms to avert potentially lethal or
kleptoparasitic encounters with larger predators by seeking
landscapes or temporal refuges avoided by competitively supe-
rior species (Dr€oge et al., 2017). Despite the high energetic
output of wild dogs, interspecific competition can increase for-
aging costs (Gorman et al., 1998), resulting in the displace-
ment of wild dogs into low prey density areas (Creel & Creel,
1996; Mbizah et al., 2014). However, the confinement of rein-
troduced large carnivores in small fenced reserves may artifi-
cially increase potential interspecific competition (Mbizah,
Marino & Groom, 2012), such that competitive exclusion may
occur, increasing the likelihood of meso-predator displacement
(Swanson et al., 2014). In resource-limited environments, dom-
inant predators that encompass a large dietary overlap with a
smaller meso-predator may suppress the subordinate species
through competitive exclusion (Harihar, Pandav & Goyal,
2011). The dimensional degree of dietary niche overlap
amongst large carnivores can, therefore, be indicative of poten-
tial competition and coexistence (Gause, 1932).
Variation in the interspecific feeding ecology amongst large
predators can produce large discrepancies in resource use
(Hayward & Kerley, 2008). However, studies investigating
large predator diets are frequently obscured by divergences in
intraspecific resource utilization (Broekhuis, Thuo & Hayward,
2018). As competition incurs a cost, prey utilization is
assumed to reflect realized profitability, and it is, therefore,
useful to determine how different predator social groups (e.g.
male, female, coalitions) compete for prey resources.
As a significant dietary overlap amongst a large carnivore
guild may be indicative of potential competition and coexis-
tence (Harihar, Pandav & Goyal, 2011), we determine and
compare the potential inter- and intraspecific diet composition,
niche breadth, overlap, prey preference and density of a large
carnivore guild. Hayward & Kerley (2008) reviewed the diets
of the African large carnivore guild across a gradient of pro-
tected area sizes and suggested that cheetah Acinonyx jubatus
and wild dog have the greatest potential dietary overlap. There-
fore, we hypothesize that large carnivores on small protected
areas will display similar characteristics. We discuss the impli-




Between the years 1996 and 2017, cheetah, leopard and lion
feeding observations were collected at the 232 km2 Phinda Pri-
vate Game Reserve (Phinda hereafter). As Phinda does not
host a resident wild dog population, wild dog feeding observa-
tions were obtained over a cumulative period of 91 months
(between years 2010 and 2017) from five small fenced pro-
tected areas in the region, namely Somkhanda Game Reserve
(Somkhanda: 106 km2), Zimanga Private Game Reserve
(Zimanga; 53.3 km2), Manyoni Game Reserve (Manyoni:
217 km2), Thanda Royal Game Reserve (Thanda: 70 km2) and
uMkuze Game Reserve (uMkhuze: 338 km2) as described in
Vogel, Somers & Venter (2018) (Figure 1). African Savanna
predominantly characterizes the landscape. However, relict
patches of Licuati Sand Forest and Indian Ocean Coastal Belt
are also present (Mucina & Rutherford, 2006). The protected
areas support a similar and rich diversity of potential prey spe-
cies including blue wildebeest Connochaetes taurinus, common
warthog Phacochoerus africanus, greater kudu Tragelaphus
strepsiceros, impala Aepyceros melampus, nyala Tragelaphus
angasii, plains zebra Equus quagga and waterbuck Kobus
ellipsiprymnus.
Despite the variation in sympatric carnivore species presence
and density in the five small fenced reserves with wild dogs,
wild dogs did not use prey species at random as they dis-
played relative consistency in prey species and prey mass
selection (Vogel et al., 2018). Therefore, considering the site-
specific absence of wild dog feeding data at Phinda, the
extrapolation of wild dog dietary data is justified.
To determine the degree of interspecific dietary competition,
we refer to the interaction between the four large predator spe-
cies (cheetahs, leopards, lions and wild dogs). Spotted hyenas
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Crocuta crocuta are known to influence competitive interac-
tions amongst the large carnivore guild (Periquet, Fritz &
Revilla, 2015). However, spotted hyena density is unknown on
Phinda, but is believed to occur at low densities within the
region and has therefore been excluded from our analyses
(Rostro-Garcıa, Kamler & Hunter, 2015).
To identify intraspecific interactions amongst the guild, large
carnivores have been categorized based on their distinctive
demographic characteristics. We have defined intraspecific
competition into nine categories: three cheetah groups (cheetah
male coalitions, cheetah females with dependent offspring, and
solitary male or female individuals), three lion groups (lion
males, lion prides and solitary lionesses with or without off-
spring), two sets of leopards (males and females) and lastly
one wild dog group (wild dog packs). We consider the group-
ing to reflect the circumstances under which the hunting obser-
vations occur; for example, if a followed lioness is away from
her natal pride and makes a kill over a continuous observation
period, the kill observation is recorded as a solitary lioness.
Despite the lioness’s membership to a pride, as no other lions
were present or contributed to the hunt, we believe that our
groupings are sufficiently fine scale to characterize the
intraspecific foraging behaviour within the large carnivore
assemblage. The single cheetah grouping is a culmination of
observed prey killed for both solitary male and solitary female
cheetahs. The grouping of these two cheetah demographics is
justified as they used a similar prey mass spectrum (Mann–
Whitney U = 271, P = 0.207), ultimately improving our sam-
ple size. The sex of individuals was not always known when
on a kill. Therefore, the number of kills made by the carnivore
species may exceed the sum of kills observed by species social
groups.
Field data collection
Dietary data were obtained through direct observations includ-
ing an ongoing monitoring programme together with eco-
tourist field guide observations who locate and follow focal
animals on a daily basis. To assist in locating large predators,
an experienced tracker positioned in the front of the vehicle
would scan for large predator tracks or signs. Once tracks were
located, the guide and tracker follow using a vehicle or on foot
to try to obtain a visual of the predator. The likelihood of
locating large predators was further improved as guides and
wildlife monitors were in radio contact and vehicles were not
restricted to the extensive road network. Once a large predator
had been located, observations recorded included the unique
identity of the individual, coordinates (latitude and longitude),
if a kill was witnessed, and where possible, prey species, prey
age, sex and predator responsible were recorded. Only kills
where the large predator was witnessed or suspected to have
made the kill were recorded. Scavenged prey items were
removed from analysis. The recording of wild dog foraging
behaviour followed a similar approach, in that at least one wild
dog per pack was fitted with a VHF tracking device (frequency
range 148–151 Mhz), and was followed during periods that
coincide with their bimodal crepuscular activity pattern (Vogel
et al., 2018).
To estimate the proportional availability of prey species, we
used aerial-based total wildlife censusing for Phinda, Somkhanda,
Manyoni, Thanda and Zimanga, while a distance-based ground
sampling approach (Thomas et al., 2010) was carried out at
uMkhuze. Total counts were subject to standard visibility correc-
tion factors for savanna systems to account and adjust for
undetected and cryptic species (Owen-Smith & Mills, 2008).
Figure 1 The location of large predator sample sites in the Zululand Maputaland Conservation Complex, South Africa, used to determine the
potential inter- and intraspecific foraging competition amongst a reintroduced carnivore guild.
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We used two approaches to describe large predator diet.
Firstly, we describe prey kills at the lowest taxonomic level,
hereafter as prey species and secondly as prey mass. We
included prey mass as a metric to determine resource partition-
ing, as a positive linear relationship has previously been sug-
gested between predator mass and the mean mass of their prey
(Radloff & Du Toit, 2004). Large predators may, therefore, kill
opposing spectrums of prey in terms of prey body size (Cle-
ments et al., 2014). Supplementing diet descriptions of large
predators with estimates of biomass of prey estimates together
with prey species should consequently provide a more holistic
approach in predicting resource partitioning.
Diet composition
To verify whether diet composition varied amongst each preda-
tor species, and predator social group, we determined and
expressed prey species composition as the prey relative contri-
bution (%) to overall diet. Confidence intervals (95%) were
generated by means of running 1000 bootstrap simulations
around the mean relative frequency of a prey item. Despite the
occurrence of intraguild killing during the study period, we
considered this as interference competition opposed to true pre-
dation, particularly as these species are usually killed and not
eaten. Cheetah, honey badger Mellivora capensis, leopard, lion,
side-striped jackal Canis adustus and spotted hyena were killed
by sympatric carnivores and were excluded from further diet
composition analyses.
Dietary overlap and breadth
To determine the relative degree of diet specialization (equal uti-
lization distribution of available prey species) for each large preda-
tor species and social group, we applied a Levin’s index of niche
breadth (1968). Following Hurlbert (1978), index values were








where BA is the standardized index of niche breadth, Pij is the
proportion of the diet of predator i on prey j. n is the number
of possible resource states. We considered the number of possi-
ble resource states as the sum of prey species made by all
predators. Index values range from ‘0’ to ‘1’ indicating an
ascending generalist foraging pattern, respectively. We present
both the niche breadth estimate (B) and standardized niche
breadth (Ba) estimate.
Further, we calculated Pianka’s (1973) index values to pre-








pi represents the frequency of occurrence of a particular prey
item i in the predicted diet of species j and k. The index value
(O) will indicate the overlap in predicted diets ranging from 1
(full overlap) to 0 (full separation). We, therefore, had six and
36 pairwise comparisons based on predator species and preda-
tor social groupings, respectively. This method allows for com-
parison with other studies that have investigated prey
preference overlap. Pairwise dietary overlap indices where
0jk => 0.85 were considered to be indicative of considerable
dietary overlap.
Prey species preference
The preference for prey species was compared by constructing
preference ratio indices for years 2001 to 2017 for each predator
species and social group. We constructed modified Jacobs’
indices (Jacobs, 1974; Hayward & Kerley, 2008) by comparing
prey proportional availability to prey proportional utilization as:
D ¼ r  p
r þ p 2rp (3)
where r represents the annual proportion of kills and p is
the annual proportional availability of that prey species in
comparison with the number of species preyed on by a particu-
lar large predator species (Hayward et al., 2006). The D value
of the Jacobs Index ranges from 1 to +1, with +1 indicating
maximum preference and 1 value indicating maximum avoid-
ance (Jacobs, 1974). Each prey species Jacobs’ index was
tested for significant avoidance/preference by using a t-test
against a hypothetical mean of ‘0’. Where data do not conform
to normality (Shapiro–Wilks test), we used a z-sign test. The
analysis of prey preference further identifies prey species uti-
lized proportional to their density and, therefore, provides an
estimate of if prey utilization is related to prey abundance. We
present prey preference indices for lion, leopard and cheetah in
comparison with wild dog prey preferences obtained from
Vogel et al. (2018), that used the same methodology.
Inter- and intraspecific variation in prey size
Prey mass was estimated for observed kills based on the iden-
tified prey species age and sex. The adult mass (kg) was
obtained from Bothma, van Rooyen & du Toit (2002) and
Skinner & Smithers (1990). Subadult mass was corrected to be
70%, and juvenile as 30% of the mass of an adult female
(Radloff & Du Toit, 2004) (Table S1). When the sex or age of
an individual prey item was not described or uncertain, the
standard unit mass (adult female mass by a factor of 0.75) for
the species was used (Jooste et al., 2013). We compared the
inter- and intraspecific prey size utilization amongst the large
carnivore guild using a non-parametric ANOVA procedure
with Dunnett’s multiple pairwise comparisons.
Density predictions
The availability of prey is a reliable indicator of each carnivore
species density due to the linear relationship between carnivore
density and the biomass of their preferred prey mass or species
(Hayward, O’Brien & Kerley, 2007). We used this regression
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approach to determine the mean (SE) sustainable density for
all large carnivores for the most recent three-year period
(2014–2016) on Phinda based on the availability of preferred
prey biomass for each respective predator. Lion, leopard and
wild dog densities are strongly correlated to the biomass of
their preferred prey species (Hayward et al., 2007). However,
the biomass of the preferred prey body mass range has been
suggested to be a better predictor of cheetah density (Hayward
et al., 2007). The biomass of prey (kg/km2) was estimated
using the unit mass of a prey species (adult female prey mass
multiplied by a factor of 0.75, following Jooste et al. (2013).
This factor allows for the estimation of prey biomass by
accounting for variance in prey sex or age categories.
We also included and made predictions for the year 2018 as
the protected area is expected to expand from the current
231.66 km2 to 285.28 km2 through protected area expansion
agreements with neighbouring property holders. Aerial-based
census techniques applied at Phinda were used to estimate prey
availability in expansion zones.
Results
Diet description
We obtained 5,128 known kills made by large predators
(cheetahs = 1,427, leopards = 500, lions = 2,648 and wild
dogs = 553) to define prey profiles, representing 35 prey
species (two avian, three reptile and 30 mammal species). In
the context of each carnivore species’ prey composition,
lions exhibited marked differences in prey species utilization
compared to the other carnivores. The principal prey (>25%
of diet) for lions was largely attributed to the utilization of
warthog (26% 1). Cheetahs, leopards and wild dogs com-
paratively used similar prey items to each other. Nyala fre-
quently contributed to the diet profiles of leopards
(40%  3), cheetahs (35%  2) and wild dogs (35%  0).
However, impala formed a greater contribution to cheetahs
(42%  2) and wild dogs (40%  0) diet profiles in com-
parison with leopards (23%  3). Prey species composition
that form >1% contribution of overall diet for each respec-
tive large predator is presented in Table 1. As rare and inci-
dental prey items can collectively form a larger contribution
to diet characterization, they are presented as shown in
Table S2.
Diet breadth and overlap
Lions (B = 5, Ba = 0.2) followed by leopards (B = 4.02,
Ba = 0.09) displayed the broadest and most generalist dietary
niche patterns. Comparatively, wild dogs (B = 3.61,
Ba = 0.08) and cheetahs (B = 3.27, Ba = 0.07) employed more
specialized dietary feeding strategies than their larger counter-
parts (Table 2). Cheetahs and wild dogs exhibited a near-com-
plete dietary overlap (O = 0.99). Lions displayed a low dietary
overlap with all sympatric carnivores, with the broadest diet.
Leopards, cheetahs and wild dog populations synergistically
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In terms of prey species contribution towards potential com-
petition, wild dogs shared a very strong overlap with all chee-
tah social groups (Omean = 0.92  0.06). Based on all 36
predator social group pairwise comparisons, wild dog packs
and cheetah females with dependent offspring (O = 0.99) fol-
lowed by solitary cheetahs (O = 0.96) displayed the greatest
overlap in diet and therefore the potential for dietary competi-
tion. Lion social groups exhibited negligible degrees of
resource portioning with wild dog packs
(Omean = 0.48  0.02). However, the diets of the three lion
social groups (lion males, lion prides and solitary lionesses)
largely overlapped with each other (Table 3). Wild dogs
displayed a greater dietary overlap with female leopards
(O = 0.95) than with male leopards (O = 0.81).
Interspecific prey preference
We calculated prey preferences for 15 potential prey items
(Table 4). At the predator species level, the cheetah popula-
tion displayed a prey species preference for the two most
abundant medium size prey species (impala D = 0.3  0.044,
z = 7.4, P =< 0.001; and nyala D = 0.11  0.04, t16 = 2.6,
P = 0.02) and common duiker (D = 0.45  0.2, z = 2.2,
P = 0.03).
Table 2 Prey mass comparison between sympatric large predator social groups on Phinda Private Game Reserve
Predator species N Median prey mass Minimum Maximum B Ba
Cheetah 1,427 45 1.86 320 3.27 0.07
Cheetah coalition 58 54 8 320 5.29 0.13
Cheetah female with offspring 144 45 2 224 3.18 0.06
Solitary cheetah 55 33.75 12 135 3.24 0.07
Leopard 500 54 0.1 1192 4.02 0.09
Leopard female 128 45 0 108 3.93 0.09
Leopard male 100 45 2 1192 3.96 0.09
Lion 2,648 108 2.625 1192 5.00 0.12
Lion male 56 135 18 1120 6.70 0.17
Lion pride 1,747 108 3 1192 4.73 0.11
Solitary Lioness 97 80 18 580 4.86 0.11
Wild dog 553 47 3 225 3.61 0.08
N is the total count of all kills observed, and the median prey mass (kg). Minimum and maximum represent the mass range (kg) of prey items





Potenal for dietary compeon
Very strong ( > 85 % overlap)
Strong ( 51 – 80 % overlap)
Medium ( 20 – 50 % overlap)
Figure 2 The potential interspecific dietary niche overlap (Oij converted to percentages) between sympatric large carnivores in a small fenced
protected area. In clockwise order, lion, leopard, cheetah and wild dog. [Colour figure can be viewed at zslpublications.onlinelibrary.wiley.com]
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Lions displayed a contrasting prey species preference to
sympatric predators as they selected for prey items frequently
avoided by cheetahs, leopards and wild dogs. Lions preferred
four prey species less preferred or infrequently used by sym-
patric predators, comprising of giraffe (D = 0.26  0.08,
t16 = 3.23, P = 0.005), warthog (D = 0.29  0.04, t16 = 7.88,
P =< 0.001), blue wildebeest (D = 0.59  0.04, z = 14.64,
P =< 0.001) and plains zebra (D = 0.37  0.07, t15 = 5.07,
P = < 0.001). As with wild dogs, leopards at the predator spe-
cies level exhibited preference for a single prey species (nyala:
D = 0.23  0.06, t14 = 3.69, P = 0.002).
Intraspecific prey preference
Nyala (D = 0.32  0.19) formed the greatest proportion of
prey available. However, like wild dog pack prey selection,
nyala were only otherwise preferred (D > 0.3) by the leopard
male group. Impala (D = 0.27  0.12) were the second most
abundant prey and were preferred by cheetah females with off-
spring and solitary cheetahs. Based on availability, impala were
killed less frequently than expected by all lion social groups
and leopard males. Prey species preference overlap between
cheetah coalitions and lions was evident in their mutual selec-
tion for blue wildebeest and zebra, which was actively avoided
by all other carnivore groups.
Contrary to the prey preferences of the rest of the carnivore
guild, all three lion groups preferred giraffe and lion males
selected for buffalo, which were characteristically not preyed
upon by other predator groups. Analogous to female cheetah
with offspring and solitary cheetah, leopard females displayed
a strong preference for both common and red duiker species.
Prey species preferences for all predator groups are presented
as shown in Table S3.
Prey size
At the predator interspecific level, lions (median prey
size = 108 kg) significantly selected for dissimilar prey masses
(H3 = 1080.95, P =< 0.001) from leopards (45 kg), cheetahs
(45 kg) and wild dogs (46.5 kg) that categorically used a simi-
lar spectrum of prey sizes (Table 3).
A significant difference in prey mass was observed between
sympatric large predator social groups (H8 = 576.68,
P =< 0.001). Lion males used the largest prey species (me-
dian = 135 kg), albeit similar to solitary lionesses (80 kg) and
lion prides (108 kg). Solitary lionesses and male cheetah coali-
tions (54 kg) indicated resource partitioning in prey mass,
while all leopard, cheetah and wild dog groups overlap with
each other (Fig. 3).
Predicted predator population densities
Wild dogs displayed the lowest mean predicted density com-
pared to all sympatric predators (0.025 km2  0.001), with an
expected population size of 6  0.238 individuals. The
expected expansion in protected area size by 53.55 km2 will
increase the estimated population size of wild dogs by a single
individual. Our estimate of seven adult members is within the
range analogous to the mean pack sizes observed in other
savanna ecosystems (Fuller et al., 1992; Somers et al., 2008;
Groom, Lannas & Jackson, 2017). The ratio of lions, leopards
and cheetahs to wild dogs is expected to approximate to
4:2:1:1, respectively.
In the absence of wild dogs, current cheetah and leopard
population densities exceed model predictions based on the
availability of prey biomass (Fig. 4). Lion density estimates
proved a good fit, as actual lion densities overlap with their
predicted densities.
Discussion
Acquiring an understanding of a predator’s diet is vital in eval-
uating its role in the ecosystem and developing effective con-
servation plans. Our findings suggest that African large
carnivores in small protected areas are subject to a consider-
able dietary niche overlap. At the species level, wild dogs and
cheetahs displayed the greatest potential for dietary competition
amongst the carnivore guild. Wild dogs and cheetahs also
equally displayed greater specialized dietary niches as opposed
to the other large carnivores. This mirrors the results of Hay-
ward & Kerley (2008) who investigated large carnivore dietary
niche overlap over a gradient of protected area sizes. The
inherent rarity of these two large carnivores in natural systems
has been suggested to be an artefact of their trophic position-
ing as subordinate to lions and spotted hyenas, particularly in
the case of antagonistic encounters through interference compe-
tition (Mills & Gorman, 1997; Durant, Kelly & Caro, 2004).
However, the narrow feeding niches of wild dogs and cheetahs
as observed in our sample sites have also been suggested to
contribute towards the low observed densities across the spe-
cies’ ranges (Hayward & Kerley, 2008). At the interspecific
level, leopards and lions exhibited a greater plasticity and gen-
eralist approaches in foraging behaviour. We suggest that the
broad dietary niche and diet flexibility as we observed con-
tribute towards the successful reintroduction of particularly lion
to other small protected areas in South Africa.
In our study site, lions selected for different prey species to
the other predators. Nyala is an important preferred diet com-
ponent of wild dogs, leopards and cheetahs. Cheetah females
with offspring generally used the smaller impala more fre-
quently. Similarly to lions, blue wildebeest formed a large
component of the diet of cheetah coalitions. However, cheetah
coalitions preferred juvenile blue wildebeest. Cheetah coalitions
are usually composed of two or three males, which through
cooperative hunting allows them to subdue larger prey than
what would be used by solitary individuals (Clements, Tam-
bling & Kerley, 2016). Wild dogs, solitary cheetahs and
female cheetahs with offspring showed the greatest potential
for dietary overlap of all sympatric predators. Despite the
observed significant dietary overlap between the large carni-
vore guild, the degree of resource overlap between sympatric
carnivores can be a useful proxy for conditions of competition
(Broekhuis et al., 2018). However, unless the resource is lim-
ited, the overlap in resource use does not necessarily provide
sufficient evidence that competition is present (Melero et al.,
2008). In small enclosed systems, as characteristic of our study
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site, the influence on the available prey base and competing
predators may be augmented by the restriction in potential
refugia. Where overlap in the diet is high, predators are
expected to employ temporal or spatial behavioural adjustments
to facilitate coexistence (Lovari et al., 2015; Dr€oge et al.,
2017; Karanth et al., 2017). For example, wild dogs in Hluh-
luwe-iMfolozi Park avoided competitive interactions by
employing different daily activity (Saleni et al., 2007) and spa-
tial patterns (Darnell et al., 2014) relative to lions and spotted
hyenas. Therefore, managers of small protected areas should
promote the heterogeneous nature of prey and habitats to mod-
erate possible artificially high levels of competition.
As small fenced protected areas are often required to be
intensively managed, conservation practitioners should further
be concerned about the assemblage and density of prey
stocked. For example, cheetahs on Phinda were selected for
common reedbuck in the early years of this study, ultimately
contributing to the large-scale reduction of this species. The
temporal switching over the study period between prey species
may be steered by prey vulnerability or abundance (Bissett,
Bernard & Parker, 2012). The lowered density of this prey
species most likely contributes to a costly trade-off of the
search-encounter-handling effort of the rare prey species (Hay-
ward, 2011), consequently causing a shift to alternative prey
species than common reedbuck. The observed collapse of an
important prey species for cheetah is, therefore, expected to
extend into the preferred prey preference of wild dog through
prey switching. As fences restrict the potential for immigration
and emigration of prey species, wild dogs and cheetahs are
expected to be exposed to artificially high levels of competi-
tion due to the finite nature of shared resources.
Large carnivore densities are contingent on prey densities
(Hayward et al., 2007). In light of this, large predator density
predictions can be derived from estimates of prey abundance
and density (Karanth et al., 2004; Hayward et al., 2007).
Based on the preferred prey densities available, we estimated
that the Phinda conservation area could support a single pack
of seven wild dogs. Wild dogs generally den and breed on an
annual basis (Jackson et al., 2014), and therefore, it is
expected that this population would exceed sustainable density
within the first reproductive year. As small discrete populations
are prone to genetic, demographic and environmental stochas-
ticity (Shaffer, 1981), a managed metapopulation approach, as
already functional in South Africa (Hanski & Gilpin, 1991;
Davies-Mostert et al., 2015), can assist in managing the popu-
lation by mimicking dispersal and gene flow through human
intervention.
Our research highlights the need to assess the influence of
competitive forces in structuring and restoring large predators
to portions of their historical range by identifying the species
most vulnerable to a potential reintroduction attempt. Our


















Figure 3 Prey size (kg) comparison between sympatric cheetah coalitions (Cc), cheetah with dependent offspring (Cf), solitary cheetah (Cs),
leopard females (Lef), leopard males (Lem), lion males (Lm), lion prides (Lp), solitary female lions (Lf) and wild dog packs (Wd) on Phinda Private
Game Reserve. The central horizontal bars are the median prey mass sizes (kg). The lower and upper limits of the box are the first and third
quartiles, respectively, for each large predator.





















Figure 4 Model density predictions for lion (EL), leopard (ELEOP),
cheetah (EC) and wild dog (EWD) based on biomass (kg/km2) of
preferred prey and preferred prey weight range. Actual density
estimates for lion (AL), leopard (ALEOP) and cheetah (AC) are
compared to predicted density estimates.
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findings further contribute to the understanding of large preda-
tor foraging behaviour in small protected areas. However, con-
sidering the difficulty and absence of controlled experiments,
the true nature of competition will only be disclosed through
the adjustment (removal or suplementation) of carnivore spe-
cies.
Acknowledgements
We thank &Beyond Phinda Private Game Reserve for support-
ing and allowing us to carry out this study. We extend our
gratitude to Simon Naylor for logistical support and Nelson
Mandela University for awarding a post-graduate research
scholarship to J. Vogel. MJS was funded by a National
Research Foundation Incentive Fund grant.
Conflict of interest
J. Vogel was employed by &Beyond Phinda Private Game
Reserve during part of the study period. However, declares that
this has by no means influenced the findings of this study.
Ethical approval
Ethics approval was granted by the Nelson Mandela University
Animal Research Ethics Committee (registration number: A17-
SCI-SNRM-002). In-field research was carried out with the
approval of the provincial conservation authority (Ezemvelo
KZN Wildlife, research permit E/1079/02).
References
Balme, G.A., Pitman, R.T., Robinson, H.S., Miller, J.R.B.,
Funston, P.J. & Hunter, L.T.B. (2017). Leopard distribution
and abundance is unaffected by interference competition with
lions. Behav. Ecol. 28, 1348–1358.
Beschta, R.T.L., Painter, L.E. & Ripple, W.J. (2018). Trophic
cascades at multiple spatial scales shape recovery of young
aspen in Yellowstone. For. Ecol. Manage. 413, 62–69.
Bissett, C., Bernard, R.T.F. & Parker, D.M. (2012). The
response of lions (Panthera leo) to changes in prey abundance
on an enclosed reserve in South Africa. Acta Theriol. 57,
225–231.
Bissett, C., Parker, D.M., Bernard, R.T.F. & Perry, T.W. (2015).
Management-induced niche shift? The activity of cheetahs in
the presence of lions. Afr. J. Wildl. Res. 45, 197–203.
Broekhuis, F., Thuo, D. & Hayward, M.W. (2018). Feeding
ecology of cheetahs in the Maasai Mara, Kenya and the potential
for intra-and interspecific competition. J. Zool. 304, 65–72.
Caro, T.M. & Stoner, C.J. (2003). The potential for interspecific
competition among African carnivores. Biol. Conserv. 110,
67–75.
Clements, H.S., Tambling, C.J., Hayward, M.W. & Kerley,
G.I.H. (2014). An objective approach to determining the
weight ranges of prey preferred by and accessible to the five
large African carnivores. PLoS One 9, e101054.
Clements, H.S., Tambling, C.J. & Kerley, G.I.H. (2016). Prey
morphology and predator sociality drive predator prey
preferences. J. Mammal. 97, 919–927.
Creel, S. & Creel, N.M. (1996). Limitation of African wild dogs
by competition with larger carnivores. Conserv. Biol. 10, 526–
538.
Creel, S., Becker, M.S, Durant, S.M, M'Soka, J., Matandiko,
W., Dickman, A.J, Christianson, D., Dr€oge, E., Mweetwa,
T., Pettorelli, N., Rosenblatt, E., Schuette, P., Woodroffe, R.,
Bashir, S., Beudels-Jamar, R.C, Blake, S., Borner, M.,
Breitenmoser, C., Broekhuis, F., Cozzi, G., Davenport,
T.R.B., Deutsch, J., Dollar, L., Dolrenry, S., Douglas-
Hamilton, I., Fitzherbert, E., Foley, C., Hazzah, L.,
Henschel, P., Hilborn, R., Hopcraft, J.G.C., Ikanda, D.,
Jacobson, A., Joubert, B., Joubert, D., Kelly, M.S.,
Lichtenfeld, L., Mace, G.M., Milanzi, J., Mitchell, N.,
Msuha, M., Muir, R., Nyahongo, J., Pimm, S., Purchase, G.,
Schenck, C., Sillero-Zubiri, C., Sinclair, A.R.E., Songorwa,
A.N., Stanley-Price, M., Tehou, C.A., Trout, C., Wall, J.,
Wittemyer, G. & Zimmermann, A. (2013). Conserving large
populations of lions–the argument for fences has holes. Ecol.
Lett. 16, 1413.
Darnell, A.M., Graf, J.A., Somers, M.J., Slotow, R. & Gunther,
M.S. (2014). Space use of African wild dogs in relation to
other large carnivores. PLoS One 9, e98846.
Davies-Mostert, H.T., Mills, M.G.L. & Macdonald, D.W.
(2015). The demography and dynamics of an expanding,
managed African wild dog metapopulation. Afr. J. Wildl. Res.
45, 258–273.
Dr€oge, E., Creel, S., Becker, M.S. & M'soka, J. (2017). Spatial
and temporal avoidance of risk within a large carnivore guild.
Ecol. Evol. 7, 189–199.
du Bothma, J.P., van Rooyen, N. & duToit, J.G. (2002).
Antelope and other smaller herbivores. In Game ranch
management: 149–175. duBothma, J.P. (Ed.). Pretoria, South
Africa: Van Schaik Publishers.
Durant, S.M., Kelly, M. & Caro, T.M. (2004). Factors affecting
life and death in Serengeti cheetahs: Environment, age, and
sociality. Behav. Ecol. 15, 11–22.
Fuller, T.K., Kat, P.W., Bulger, J.B., Maddock, A.H., Ginsberg,
J.R., Burrows, R., McNutt, J.W. & Mills, M.G.L. (1992).
Population dynamics of African wild dogs. In Wildlife 2001:
Populations: 1125–1139. McCullough, D.R. & Barrett, R.H.
(Eds). Amsterdam, the Netherlands: Elsevier.
Gause, G. (1932). Experimental studies on the struggle for
existence: I. Mixed population of two species of yeast. J. Exp.
Biol. 9, 389–402.
Gorman, M.L., Mills, M.G.L., Raath, J.P. & Speakman, J.R.
(1998). High hunting costs make African wild dogs vulnerable
to kleptoparasitism by hyaenas. Nature 391, 479–481.
Groom, R.J., Lannas, K. & Jackson, C.R. (2017). The impact of
lions on the demography and ecology of endangered African
wild dogs. Anim. Conserv. 20, 382–390.
Hanski, I. & Gilpin, M. (1991). Metapopulation dynamics: brief
history and conceptual domain. Biol. J. Linn. Soc. 42, 3–16.
Journal of Zoology 309 (2019) 212–223 ª 2019 The Zoological Society of London 221
Vogel et al. Competition in an African carnivore guild
Harihar, A., Pandav, B. & Goyal, S.P. (2011). Responses of
leopard Panthera pardus to the recovery of a tiger Panthera
tigris population. J. Appl. Ecol. 48, 806–814.
Hayward, M.W. (2011). Scarcity in the prey community yields
anti-predator benefits. Acta Oecologica 37, 314–320.
Hayward, M.W. & Kerley, G.I.H. (2008). Prey preferences and
dietary overlap amongst Africa’s large predators. S. Afr. J.
Wildl. Res. 38, 93–108.
Hayward, M.W., O’Brien, J., Hofmeyr, M. & Kerley, G.I.H.
(2006). Prey preferences of the African wild dog Lycaon
pictus (Canidae: Carnivora): ecological requirements for
conservation. J. Mammal. 87, 1122–1131.
Hayward, M.W., O’Brien, J. & Kerley, G.I.H. (2007). Carrying
capacity of large African predators: Predictions and tests. Biol.
Conserv. 139, 219–229.
Hayward, M.W., Hayward, G.J., Druce, D.J. & Kerley, G.I.H.
(2009). Do fences constrain predator movements on an
evolutionary scale? Home range, food intake and movement
patterns of large predators reintroduced to Addo elephant
national park, South Africa. Biodivers. Conserv. 18, 887–904.
Hayward, M.W. & Somers, M.J. (2009). Reintroduction of top-
order predators: Using science to restore one of the drivers of
biodiversity. In Reintroduction of top-order predators: 1–9.
Hayward, M.W. & Somers, M.J. (Eds). West Sussex, UK:
Wiley-Blackwell.
Hurlbert, S.H. (1978). The measurement of niche overlap and
some relatives. Ecology 59, 67–77.
Jackson, C.R., John Power, R., Groom, R.J., Masenga, E.H.,
Mjingo, E.E., Fyumagwa, R.D., Røskaft, E. & Davies-Mostert,
H.T. (2014). Heading for the hills: Risk avoidance drives den
site selection in African wild dogs. PLoS One 9, e99686.
Jacobs, J. (1974). Quantitative measurement of food selection.
Oecologia 14, 413–417.
Jenkins, E., Silva-Opps, M., Opps, S.B. & Perrin, M.R. (2015).
Home range and habitat selection of a reintroduced African
wild dog (Lycaon pictus) pack in a small South African game
reserve. Afr. J. Wildl. Res. 45, 233–246.
Jooste, E., Hayward, M.W., Pitman, R.T. & Swanepoel, L.H.
(2013). Effect of prey mass and selection on predator carrying
capacity estimates. Eur. J. Wildl. Res. 59, 487–494.
Karanth, K.U., Nichols, J.D., Kumar, N.S., Link, W.A. & Hines,
J.E. (2004). Tigers and their prey: predicting carnivore
densities from prey abundance. Proc. Natl. Acad. Sci. USA
101, 4854–4858.
Karanth, K.U., Srivathsa, A., Vasudev, D., Puri, M.,
Parameshwaran, R. & Kumar, N.S. (2017). Spatio-temporal
interactions facilitate large carnivore sympatry across a
resource gradient. Proc. R. Soc. B. 284, 20161860.
Levins, R. (1968). The theory of the niche. In Evolution in
changing environments: some theoretical explorations: 39–65.
Levins, R. (Ed).. Princeton, NJ: Princeton University Press.
Lindsey, P.A., Tambling, C.J., Brummer, R., Davies-Mostert,
H.T., Hayward, M.W., Marnewick, K. & Parker, D. (2011).
Minimum prey and area requirements of the Vulnerable
cheetah Acinonyx jubatus: implications for reintroduction and
management of the species in South Africa. Oryx 45, 587–
599.
Lovari, S., Pokheral, C.P., Jnawali, S.R., Fusani, L. & Ferretti,
F. (2015). Coexistence of the tiger and the common leopard
in a prey-rich area: The role of prey partitioning. J. Zool. 295,
122–131.
Mbizah, M.M., Marino, J. & Groom, R.J. (2012). Diet of four
sympatric carnivores in Save Valley Conservancy, Zimbabwe:
implications for conservation of the African wild dog (Lycaon
pictus). S. Afr. J. Wildl. Res. 42, 94–103.
Mbizah, M.M., Joubert, C.J., Joubert, L. & Groom, R.J. (2014).
Implications of African wild dog (Lycaon pictus) denning on
the density and distribution of a key prey species: Addressing
myths and misperceptions. Biodivers. Conserv. 23, 1441–
1451.
Melero, Y., Palazon, S., Bonesi, L. & Gosalbez, J. (2008).
Feeding habits of three sympatric mammals in NE Spain: The
American mink, the spotted genet, and the Eurasian otter.
Acta Theriol. 53, 263–273.
Miller, S.M. & Funston, P.J. (2014). Rapid growth rates of lion
(Panthera leo) populations in small, fenced reserves in South
Africa: A management dilemma. S. Afr. J. Wildl. Res. 44, 43–55.
Mills, M.G.L. & Gorman, M.L. (1997). Factors affecting the
density and distribution of wild dogs in the Kruger National
Park. Conserv. Biol. 11, 1397–1406.
Mucina, L. & Rutherford, M.C. (2006). The vegetation of South
Africa, Lesotho and Swaziland. Strelitzia. Pretoria: South
African National Biodiversity Institute.
Owen-Smith, N. & Mills, M.G.L. (2008). Predator-prey size
relationships in an African large-mammal food web. J. Anim.
Ecol. 77, 173–183.
Palomares, F. & Caro, T.M. (1999). Interspecific killing among
mammalian carnivores. Am. Nat. 153, 492–508.
Periquet, S., Fritz, H. & Revilla, E. (2015). The lion king and
the hyaena queen: large carnivore interactions and coexistence.
Biol. Rev. 90, 1197–1214.
Pianka, E.R. (1973). The structure of lizard communities. Annu.
Rev. Ecol. Syst. 4, 53–74.
Polis, G.A., Myers, C.A. & Holt, R.D. (1989). The ecology and
evolution of intraguild predation: potential competitors that eat
each other. Annu. Rev. Ecol. Syst. 20, 297–330.
du Preez, B., Purdon, J., Trethowan, P., Macdonald, D.W. &
Loveridge, A.J. (2017). Dietary niche differentiation facilitates
coexistence of two large carnivores. J. Zool. 302, 149–156.
Radloff, F.G.T. & Du Toit, J.T. (2004). Large predators and
their prey in a southern African savanna: A predator’s size
determines its prey size range. J. Anim. Ecol. 73, 410–423.
Rostro-Garcıa, S., Kamler, J.F. & Hunter, L.T.B. (2015). To kill,
stay or flee: The effects of lions and landscape factors on
habitat and kill site selection of cheetahs in South Africa.
PLoS One 10, e0117743.
Saleni, P., Gusset, M., Graf, J.A., Szykman, M., Walters, M. &
Somers, M.J. (2007). Refuges in time: temporal avoidance of
interference competition in endangered wild dogs Lycaon
pictus. Canid News 10, 1–5.
222 Journal of Zoology 309 (2019) 212–223 ª 2019 The Zoological Society of London
Competition in an African carnivore guild Vogel et al.
Schoener, T.W. (1983). Field experiments on interspecific
competition. Am. Nat. 122, 240–285.
Shaffer, M.L. (1981). Minimum population sizes for species
conservation. Bioscience 31, 131–134.
Skinner, J.D. & Smithers, R. (1990). The mammals of the
southern Africa subregion. 2nd ed. Pretoria, South Africa:
Pretoria University Press.
Somers, M.J., Graf, J.A., Szykman, M., Slotow, R. & Gusset,
M. (2008). Dynamics of a small re-introduced population of
wild dogs over 25 years: Allee effects and the implications of
sociality for endangered species’ recovery. Oecologia 158,
239–247.
Swanson, A., Caro, T.M., Davies-Mostert, H.T., Mills, M.G.L.,
Macdonald, D.W., Borner, M., Masenga, E. & Packer, C.
(2014). Cheetahs and wild dogs show contrasting patterns of
suppression by lions. J. Anim. Ecol. 83, 1418–1427.
Thomas, L., Buckland, S.T., Rexstad, E., Laake, J.L., Strindberg,
S., Hedley, S.L., Bishop, J.R.B., Marques, T.A. & Burnham,
K.P. (2010). Distance software: design and analysis of
distance sampling surveys for estimating population size. J.
Appl. Ecol. 47, 5–14.
Vogel, J.T., Somers, M.J. & Venter, J.A. (2018). The foraging
ecology of reintroduced African wild dog in small protected
areas. Wildlife Biology 2018(1), wlb.00424. https://doi.org/10.
2981/wlb.00424
Winnie, J. & Creel, S. (2017). The many effects of carnivores
on their prey and their implications for trophic cascades, and
ecosystem structure and function. Food Webs 12, 88–94.
https://doi.org/10.1016/j.fooweb.2016.09.002
Woodroffe, R. & Sillero-Zubiri, C. (2012). African wild dog
(Lycaon pictus). The IUCN Red List of Threatened Species.
Supporting Information
Additional Supporting Information may be found in the online
version of this article:
Table S1. The mean adult male and female mass (kg) of prey
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